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S U FlFl ARY 
I n  an e f fo r t  to establish the reasons for  degraded performance of a i r c r a f t  
braking systems which sometimes occur on wet runways, Langley Research Center, 
with support from the FAA, has been involved i n  a program to study the be- 
havior of various antiskid systems under the controlled conditions afforded by 
the Aircraft  Landing Dynamics Facil i ty.  Results from this  study ut i l iz ing a 
single main wheel of a DC-9 a i r c r a f t  suggest t h a t  the systems investigated per- 
form well under most circumstances b u t  there may be room for  improvement. For 
example, i t  has been demonstrated that pressure-bias-modulation can adversely 
a f fec t  the response of antiskid systems t o  rapid changes in the runway f r ic t ion  
level. Results also indicate that  antiskid systems designed t o  operate a t  a 
s l i p  ra t io  of approximately 0.1 can provide a maximum braking e f fo r t  without 
undue loss in the cornering capabili ty of the t i r e .  Time his tor ies  of braking 
f r ic t ion  coefficient were shown t o  provide a means of determining antiskid sys- 
tem performance a n d  f o r  systems t h a t  employed pressure-bias-modulation i t  was 
shown that  performance could also be estimated from time his tor ies  of brake 
pressure and torque. Brake dynamic behavior from these t e s t s  has yielded the 
potential for  more accurate mathematical models of the brake pressure-torque 
response which will be useful in future antiskid designs. 
INTRODUCTION 
Over the yezrs, the number and variety of airplanes using antiskid braking 
systems have s teadi ly  increased until now most current commercial and mili tary 
j e t  airplanes are  equipped with various skid control devices. The e a r l i e s t  
antiskid systems were generally designed to prevent wheel lockups and excessive 
t i r e  wear on dry pavements. Modern s k i d  control devices, however, are  more 
sophisticated and are  designed t o  provide maximum braking e f fo r t  while main- 
t a i n i n g  fu l l  antiskid protection under a l l  weather conditions. Operating 
s t a t i s t i c s  of modern j e t  airplanes indicate that  these antiskid systems are  b o t h  
effective and dependable; the several million landings t h a t  a re  made each year 
in routine fashion with no serious operating problems a t t e s t  t o  t h i s  fac t .  
However, i t  has also been well established, b o t h  from f l igh t  t e s t s  and from 
f ie ld  experience, t h a t  the performance of these systems i s  subject to degrada- 
tion on slippery runways; consequently, dangerously long roll-out distances 
and reduced steering capabili ty can r e su l t  d u r i n g  some airplane landing 
operations (refs .  1 t o  3 ) .  Thus, there exis ts  a need t o  study different  types 
of antiskid braking systems i n  order to  find reasons for  the degraded braking 
performance that  occurs under adverse runway conditions; there i s  also a need 
t o  o b t a i n  data for  the development of more advanced systems that  will insure 
safe ground handling operations under a l l  weather conditions. 
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I n  an e f f o r t  t o  meet these needs, an exper imental  research program was 
undertaken by NASA w i t h  support  f rom the Federal A v i a t i o n  Admin is t ra t ion  t o  
study the  single-wheel behavior o f  severa l  d i f f e r e n t  a i r p l a n e  a n t i s k i d  b rak ing  
systems under the  c o n t r o l l e d  cond i t i ons  a f fo rded  by the  Langley A i r c r a f t  
Landing Loads and T rac t i on  F a c i l i t y .  
s tud ied  i n  t h i s  program inc luded a v e l o c i t y - r a t e - c o n t r o l l e d  system, a s l i p -  
r a t i o - c o n t r o l l e d  system w i t h  ground reference f rom an unbraked nose wheel, a 
s l i p - v e l o c i t y - c o n t r o l l e d  system, and a mechanical-hydraul ic system. The 
i n v e s t i g a t i o n  o f  a l l  these systems was conducted w i t h  a s i n g l e  main wheel, 
brake, and t i r e  assembly o f  a IIcDonnell Douglas DC-9 se r ies  10 a i rp lane .  
The purpose o f  t h i s  paper i s  t o  present  some o f  the  s i g n i f i c a n t  f i n d i n g s  
which became ev iden t  dur ing  the  t e s t  o f  t he  a n t i s k i d  systems under maximum 
brak ing  e f f o r t .  The parameters va r ied  i n  t h e  s tudy inc luded t e s t  speed, t i r e  
loading,  t i r e  yaw angle, t i r e  t read  cond i t ion ,  brake-system opera t ing  
pressure, and runway wetness cond i t ion ;  a d e t a i l e d  d iscuss ion  o f  t he  e f f e c t s  
o f  these parameters on th ree  o f  t he  systems s tud ied  can be found i n  re ferences 
4, 5, and 6. Th is  paper touches b r i e f l y  on severa l  aspects o f  a n t i s k i d  
system design philosophy, discusses techniques f o r  eva lua t i ng  a n t i s k i d  p e r f o r -  
mance, and discusses brake dynamics du r ing  a n t i s k i d  cyc l i ng .  
The types o f  s k i d  c o n t r o l  devices 
APPARATUS AND TEST PROCEDURE 
Test F a c i l i t y  
The i n v e s t i g a t i o n  was performed us ing  the t e s t  ca r r i age  shown i n  f i g u r e  
1. Also shown i n  f i g u r e  1 i s  a close-up view o f  the t e s t  wheel and the  
instrumented dynamometer which was used ins tead  o f  a landing-gear s t r u t  t o  
support  the  DC-9 t i r e ,  wheel, and brake assembly because i t  prov ided an 
accurate measurement o f  t he  t i re -ground forces.  
type V I 1  re t readed t i r e  i n f l a t e d  t o  .97 HPa. 
The t e s t  t i r e  was a 40x14, 
The t e s t  runway can a l so  be seen i n  f i g u r e  1. Approximately 244 m 
o f  the f l a t  concrete t e s t  runway were used t o  p rov ide  brak ing  and corner ing 
data on a d ry  surface, on an a r t i f i c i a l l y  damp surface, on an a r t i f i c i a l l y  
f looded surface, and on a n a t u r a l - r a i n  wet surface. The t e s t  speeds used i n  
the  i n v e s t i g a t i o n  were 50, 75, and 100 knots,  and f i xed  t i r e  yaw angles o f  
0, 1, 3, 6, and 9 degrees were examined. V e r t i c a l  load  was va r ied  f rom 
58 kN t o  124 kN, and e f f e c t s  o f  t h ree  brake system pressures o f  10, 14, and 21 
MPa were s tud ied.  
Sk id  Contro l  Systems 
The brake system hardware used i n  the i n v e s t i g a t i o n  i s  shown i n  f i g u r e  2. 
The brake system components were a p i l o t  meter ing valve,  b rake ' se lec to r  valve, 
and a hyd rau l i c  fuse, a l l  DC-9 a i r c r a f t  components. 
va l ve  i s  p e c u l i a r  t o  each a n t i s k i d  system inves t iga ted .  The l i n e  s i zes  and 
lengths were those o f  the DC-9 b u t  l i n e  bends were n o t  s imulated. 
The a n t i s k i d  c o n t r o l  
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A schematic o f  a t y p i c a l  brake system i s  shown i n  f i g u r e  3. The supply 
pressure i s  f e d  through t h e  p i l o t  meter ing va lve  (which f o r  these t e s t s  was 
s e t  t o  g i v e  maximum brak ing  e f f o r t )  t o  the  a n t i s k i d  c o n t r o l  va lve  and on t o  the  
brake. A speed sensor l oca ted  on the braked wheel was used as i n p u t  t o  t h e  
a n t i s k i d  c o n t r o l  box ( t h e  hear t  o f  the system) which produces a s igna l  t o  
regu la te  the  a n t i s k i d  c o n t r o l  valve. 
Four a n t i s k i d  systems have been tes ted  i n  t h i s  i n v e s t i g a t i o n .  A v e l o c i t y -  
r a t e  c o n t r o l l e d  and a s l i p - v e l o c i t y  c o n t r o l l e d  system both having pressure 
b ias  modulat ion as a key element i n  t h e i r  l o g i c  c i r c u i t s  a re  s i m i l a r  t o  t h e  
schematic shown i n  f i g u r e  3. 
i nves t i ga ted  t h a t  used ( i n  a d d i t i o n  t o  the  i tems i l l u s t r a t e d  i n  the sketch o f  
f i g u r e  3 )  an i n p u t  f rom an unbraked nose wheel t o  o b t a i n  the  a i r c r a f t  ground 
speed. The f o u r t h  system tes ted  was a mechanical-hydraul ic system n o t  a t  a l l  
l i k e  the  schematic o f  f i g u r e  3; instead,  i t  had an i n t e r n a l  f l ywhee l  spun-up 
by the f r e e  r o l l i n g  wheel through an over-running c l u t c h  before a p p l i c a t i o n  o f  
brakes. The speed o f  the  f lywheel  was mechanical ly compared w i t h  the  braked 
wheel speed so t h a t  when the braked wheel angular v e l o c i t y  decreased a t  a 
r a p i d  r a t e ,  brake pressure was released. 
A s l i p - r a t i o  c o n t r o l l e d  a n t i s k i d  system was 
RESULTS AND D I S C U S S I O N  
The pargraphs i n  t h i s  sec t i on  w i l l  d iscuss some f a c t o r s  t h a t  adversely 
a f f e c t  a n t i s k i d  performance on s l i p p e r y  runways; the  use o f  pressure, torque, 
and f r i c t i o n  i n fo rma t ion  t o  es t imate  a n t i s k i d  performance, and brake dynamics 
dur ing  a n t i s k i d  c y c l i n g  i n c l u d i n g  the mathematical modeling o f  the  brake 
pressure-torque response. 
Optimum S l i p  Ra t io  For A n t i s k i d  Contro l  
The drag f o r c e  f r i c t i o n  c o e f f i c i e n t  i s  p l o t t e d  as a f u n c t i o n  o f  s l i p  r a t i o  
i n  f i g u r e  4 t o  i l l u s t r a t e  the  advantages o f  us ing s l i p  r a t i o  as the  parameter 
fo r  a n t i s k i d  c o n t r o l .  By d e f i n i t i o n ,  a s l i p  r a t i o  o f  one i s  a locked wheel 
sk id ,  and a s l i p  r a t i o  o f  zero i s  a f r e e l y  r o l l i n g  t i r e .  F igure  4 presents 
data f o r  t h ree  separate runs a t  00 yaw cond i t i ons  on dry,  damp, and f looded 
runway surfaces. Dur ing the  course o f  a n t i s k i d  cyc l i ng ,  hys te res i s  loops o r  
eddies can be seen which r e s u l t  i n  v a r i a t i o n s  i n  the drag f o r c e  f o r  a g iven 
s l i p  r a t i o .  
i n i t i a l l y  a t  about a 0.1 s l i p  r a t i o  and t o  h o l d  f a i r l y  cons tan t  o u t  t o  a s l i p  
r a t i o  o f  approximately 0.4 f o r  a l l  th ree  sur face cond i t ions .  
The maximum drag f o r c e  f r i c t i o n  c o e f f i c i e n t  i s  shown t o  occur 
The v a r i a t i o n  o f  t h e  drag f o r c e  f r i c t i o n  c o e f f i c i e n t  and the  corresponding 
s ide  f o r c e  f r i c t i o n  c o e f f i c i e n t  w i t h  s l i p  r a t i o  i s  presented i n  f i g u r e  5 f o r  
a yawed t i r e  undergoing brak ing  on a damp concrete surface. Again, the maxi- 
mum drag force f r i c t i o n  c o e f f i c i e n t  occurs i n i t i a l l y  a t  about 0.1 s l i p  r a t i o ,  
as was shown i n  f i g u r e  4, b u t  the maximum s ide  f o r c e  f r i c t i o n  c o e f f i c i e n t  
i s  shown t o  occur a t  0 s l i p  r a t i o  when the  t i r e  i s  unbraked. Fur ther-  
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more, the side force f r i c t ion  decreases rapidly such that  a t  s l i p  ra t ios  
above approximately 0.2 the t i r e  cornering capabili ty has been reduced t o  
essent ia l ly  an insignificant value. 
mately 0.1 i s  suggested as the optimum for  antiskid system design, since tha t  
value provides near-maximum braking force while retaining a f a i r l y  h i g h  
percentage of the side force which i s  necessary for  steering control. 
If an antiskid braking system i s  t o  operate on the principle of s l i p  
r a t i o  control, then measurements of the a i r c r a f t  ground speed and the braked 
wheel speed are  needed as inputs to the antiskid system logic c i rcu i t s .  
Figure 6 shows braked wheel speed as a function of time for  two different  
antiskid systems. The t o p  curve i s  for  a s l ip - ra t io  controlled a n t i s k i d  
system and the lower one i s  for a system without s l i p  r a t io  control. The 
dashed l ines  on b o t h  plots indicate the ground speed decay of the a i r c r a f t ,  
or in this case, the t e s t  carriage. 
without s l i p  r a t i o  control cycled a s  designed with several instances wherein 
the brakes were released to  permit the t i r e  t o  spin up t o  the speed of the 
t e s t  carriage. 
can be used t o  establish both the vehicle ground speed and the braked wheel 
speed. 
For this reason, a s l i p  r a t io  of approxi- 
The lower plot indicates t h a t  the system 
Hence, fo r  t h i s  system, the information from the braked wheel 
On the other hand,  the s l ip - ra t io  controlled system (top plot of f igure 6 )  
attempts t o  maintain the braked wheel speed a t  about 10% below the carriage 
ground speed for  t h i s  t e s t  and, as such, never allows spin-up of the braked 
wheel t o  approach the carriage g round  speed. Thus, for t h i s  type of system to 
properly function i t  i s  necessary t o  obtain a ground speed reference from some 
source independent of the braked wheel such as the unbraked nose wheel or an 
iner t ia  platform. 
Antiskid System Control Logic 
Figure 7 addresses the issue of pressure bias modulation and i t s  e f fec t  
on antiskid control. Pressure bias modulation i s  an antiskid logic design 
feature used on some systems t o  enhance performance by increasing the operating 
time on the f ront  side (posit ive slope) of the p-slip curve. This logic may be 
sat isfactory under conditions of constant available f r i c t ion ,  b u t ,  a s  shown i n  
f igure 7 ,  may be less  sat isfactory when f r ic t ion  surface conditions a re  
changing rapidly. Time his tor ies  of wheel speed, skid signal , brake pressure, 
and d r a g  force f r ic t ion  a re  presented in the figure for a t e s t  on a dry  runway 
that  has one damp spot a b o u t  .6 m in diameter approximately midway down the 
t e s t  section. The figure shows that  the wheel speed i s  cycling as designed on 
the dry surface such t h a t  wheel spin-down as a t  A causes a skid signal build- 
up  B which closes the antiskid control valve, thereby reducing the brake 
pressure C. When the wheel spins back up D ,  the skid signal reduces and the 
brake pressure i s  reapplied. A t  approximately 6 seconds into the t e s t ,  the 
wheel encounters the damp s p o t  on the runway and immediately goes into a deep 
skid causing a saturated skid signal E and a corresponding reduction in 
brake pressure. When the wheel spins back u p  on t h i s  occasion the skid 
signal i s  only s l igh t ly  reduced F because the pressure bias modulation system 
causes a slow reduction in skid signal and a consequent slow reapplication of 
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brake pressure G. 
t h a t  while the t i r e  i s  being braked on a dry surface, the f r ic t ion  coefficient 
i s  effectively maintained a t  a level of about .6, b u t  when i t  reaches the 
damp spot, the f r ic t ion  coefficient drops abruptly and remains below tha t  level 
over a considerable time period because of the slow ra te  of brake application 
following the deep s k i d .  An ideal system would allow a rapid reapplication of 
the brake pressure and bring the f r ic t ion  coefficient back u p  quickly t o  take 
advantage of t h a t  available on the dry surface. 
Figure 8 shows the same type of t e s t  b u t  without pressure b i a s  modulation 
in the antiskid system. Again, when the t i r e  reaches the damp spot on the 
runway, the wheel speed drops suddenly, causing the skid signal t o  saturate 
w i t h  a corresponding drop in brake pressure. When the wheel spins back u p ,  the 
skid signal drops almost immediately to  zero since i t  i s  n o t  modulated and 
the brake pressure i s  rapidly reapplied. 
indicates good antiskid action since i t  drops only momentarily when the damp 
spot i s  encountered. 
performance under variable runway f r ic t ion  conditions. 
The result ing drag force f r ic t ion  coeff ic ient  trace shows 
The drag-force f r ic t ion  coefficient 
This type of reaction should greatly enhance antiskid 
Estimating An t i s  ki d Braki ng Performance 
References 7 ,  8, and 9 discuss several d i f fe ren t  sources from which 
antiskid-system efficiencies can be calculated. Ideally, antiskid efficiency 
should be based upon the f r ic t ion  developed between the t i r e  and the runway 
surface. However, f r ic t ion  measurements are n o t  readily obtained in practice 
and other character is t ics  such as brake torque or brake pressure must be 
employed. Figures 9 ,  10, and 11 are presented t o  i l l u s t r a t e  the agreement, or 
lack thereof, between efficiencies as determined from f r i c t ion ,  brake torque, 
and brake pressure measurements. Shown in figure 9 are typical time his tor ies  
of brake pressure, torque, and f r ic t ion  for an antiskid system which employs 
pressure bias modulation. Following brake application, denoted by the rapid 
r i s e  i n  a l l  three measurements, the f r ic t ion  and brake torque gradually 
increase to  maximum levels while the pressure i s  held constant, and when the 
t i r e  enters into a deep skid a l l  three d r o p  suddenly. Four such cycles are 
observed d u r i n g  the course of the run shown, 
index (antiskid efficiency) 6, the average pressure, torque, and  f r ic t ion  
developed during a r u n  are  divided by the respective average maximum value 
which, for  t h i s  r u n ,  i s  the average of four measurements. Observe t h a t  fo r  
t h i s  t e s t  a l l  three sources yielded essent ia l ly  the same performance index. 
To compute the braking performance 
Not a l l  runs are  as easy to analyze as the run shown i n  f igure 9 ,  however. 
Figure 10 presents time his tor ies  of the brake pressure, torque, and f r ic t ion  
fo r  a r u n  on a wet surface using the same antiskid system. Maximum values 
for  the pressure trace can be readily identified and when divided i n t o  the 
average value define a performance index of .81. 
analyzed i n  t h i s  fashion and gives an index of .80. 
trace,  however, shows no incipient skid points l ike  those of the other two 
traces or l ike  those in figure 9. 
f r ic t ion  for  such cases was taken a t  fixed time steps over the en t i re  r u n .  
The brake torque can also be 
The drag-force f r ic t ion  
In  an e f for t  t o  be unbiased, the maximum 
In 
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t h e  r u n  descr ibed by f i g u r e  10, when t h e  average f r i c t i o n  i s  d i v i d e d  by t h e  
maximum obta ined b y  t h i s  technique, t h e  performance index  i s  computed t o  be 
.84., Thus, i t  appears t h a t  e i t h e r  pressure,  torque,  o r  f r i c t i o n  may be used 
t o  o b t a i n  t h e  performance index  f o r  t h i s  type  o f  a n t i s k i d  system. 
Use o f  p ressure  :)r t o r q u e  f o r  d e t e r m i n i n g  a n t i s k i d  performance can be 
mis lead ing  f o r  a fas t - respond ing  a n t i s k i d  system, however, F i g u r e  11 shows 
t i m e  h i s t o r i e s  o f  brake pressure,  torque,  and f r i c t i o n  f o r  a s l i p - r a t i o  
c o n t r o l l e d  a n t i s k i d  system t h a t  has high-frequency, h igh-ampl i tude o s c i l l a t i o n s  
i n  t h e  brake pressure and to rque t races .  For t h i s  run, i f  t h e  average 
pressure  i s  d i v i d e d  by t h e  maximum pressure,  t h e  r e s u l t i n g  performance index  
i s  .77 and t h e  index  as computed f r o m  t h e  brake to rque i s  .85. I n  t h e  f r i c t i o n  
t r a c e ,  i f  t h e  maximum f r i c t i o n  va lues a r e  ob ta ined a t  f i x e d  t ime i n t e r v a l s ,  a 
performance i n d e x  o f  .91 i s  obta ined.  Thus, f o r  t h i s  t y p e  o f  a n t i s k i d  
system, pressure and to rque da ta  w i l l  g i v e  es t imates  o f  b r a k i n g  performance 
which appear t o  be too  low and t h e  performance es t imates  based upon f r i c t i o n  
da ta  should be used. 
Brake Dynamic Pressure-Torque Re1 a t i o n s h i p  
A major  f i n d i n g  o f  t h i s  s tudy  o f  a n t i s k i d  b r a k i n g  systems has been t h e  
d i s c o v e r y  o f  t h e  t r u e  n a t u r e  o f  brake dynamic behav io r  w h i l e  under a n t i s k i d  
c o n t r o l .  The p l o t s  on the  l e f t  s i d e  o f  f i g u r e  12 show t y p i c a l  examples o f  t h e  
pressure  i n p u t  t o  t h e  brake d u r i n g  a n t i s k i d  o p e r a t i o n ,  t h e  r e s u l t i n g  to rque 
o u t p u t  f rom t h e  brake, and t h e  r e l a t i o n s h i p  between t h e  brake pressure  and brake 
to rque as observed d u r i n g  a t y p i c a l  a n t i s k i d - b r a k i n g  t e s t .  T h i s  pressure-  
to rque r e l a t i o n s h i p  d e f i n e s  brake behavior  d u r i n g  a n t i s k i d  o p e r a t i o n s  and p l a y s  
a c r i t i c a l  r o l e  i n  e s t a b l i s h i n g  t h e  b r a k i n g  e f f i c i e n c y  o f  an a n t i s k i d  b r a k i n g  
system. The r e l a t i o n s h i p  d e p i c t e d  i n  f i g u r e  12 i s  c h a r a c t e r i z e d  by f a i r l y  
l a r g e  h y s t e r e s i s  loops  which i m p l y  a wide range o f  to rque va lues f o r  a g iven 
pressure.  
Computer s i m u l a t i o n s  o f  a n t i s k i d  b r a k i n g  systems a r e  needed t o  tune e x i s t i n g  
a n t i s k i d  systems t o  o p t i m i z e  t h e i r  b r a k i n g  and c o r n e r i n g  performance f o r  
s p e c i f i c  a i r c r a f t  a p p l i c a t i o n s  and t o  a i d  i n  f u t u r e  a r i t i s k i d  system designs. 
Sometimes these s i m u l a t i o n s  a r e  used t o  e s t i m a t e  a n t i s k i d - s y s t e m  e f f i c i e n c i e s .  
These computer s i f i i u la t ions  t y p i c a l l y  model t h e  brake pressure- torque response 
e i t h e r  as a l i n e a r  s p r i n g  w i t h  v iscous  damping o r  as an undamped n o n l i n e a r  
s p r i n g .  l4hen these c u r r e n t  models a r e  e x e r c i s e d  w i t h  t h e  a c t u a l  p ressure  i n p u t  
f r o m  a t y p i c a l  a n t i s k i d  b r a k i n g  t e s t ,  however, they  do n o t  adequate ly  r e p r e s e n t  
the  compl ica ted  h y s t e r e s i s  c o n d i t i o n s  t h a t  r o u t i n e l y  e x i s t  i n  t h e  brake 
pressure- torque response, as shown on t h e  r i g h t  i n  f i g u r e  12. 
Recent ly,  a n o n l i n e a r  h y s t e r e s i s  model was developed a t  t h e  Langley 
Research Center t h a t  captures t h e  essence o f  t h e  brake response c h a r a c t e r i s t i c .  
T h i s  improved model i s  based upon a v a r i a b l e ,  n o n l i n e a r  s p r i n g  w i t h  coulomb 
o r  f r i c t i o n  damping. When t h i s  model i s  e x e r c i s e d  w i t h  t h e  a c t u a l  brake 
pressure  i n p u t  t h e r e  i s  a s i g n i f i c a n t  improvement i n  t h e  f i d e l i t y  o f  t h e  pressure-  
to rque response. 
a c t u a l  t o r q u e  response o f  t h e  brake f o r  t h e  same pressure i n p u t  i t  i s  p o s s i b l e  
By comparing t h e  to rque o u t p u t s  f r o m  each model c r i th  t h e  
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t o  carry o u t  an e r ro r  analysis ,  and the r e su l t s  of  such an analysis  based on 
percent torque e r ro r  f o r  each of the models a re  presented in the bar char t  in 
the middle of the f igure.  
the torque er rors  s ign i f icant ly .  Currently this improved mathematical model 
i s  being intorduced i n t o  a ground handling simulator t o  better represent 
ant iskid control for  future s tudies .  
The data indicate tha t  the Langley model reduces 
CONCLUDING REMARKS 
The re su l t s  obtained t o  date from a study o f  the single-wheel behavior 
of ant iskid braking systems suggest t ha t  the systems investigated perform 
well under most circumstances b u t  t ha t  there i s  room f o r  improvement. For 
example, i t  was demonstrated tha t  pressure-bias-modulation can adversely 
a f f ec t  the response of a i r c r a f t  ant iskid braking systems t o  rapid changes in  
the runway f r i c t ion  level .  The r e su l t s  of t h i s  study a l so  indicate  tha t  
antiskid braking systems designed t o  operate a t  a fixed s l i p  r a t i o  of approxi- 
mately 0.1 can provide a maximum braking e f f o r t  without undue loss  i n  the  
cornering capabi l i ty  of the t i r e .  
I t  was demonstrated tha t  the braking performance of systems which employ 
pressure-bias-modulation can be estimated from time h i s to r i e s  of the brake 
pressure or  torque when f r i c t i o n  data are  n o t  avai lable .  
Finally,  data from these tests have provided s igni f icant  insights  in to  
brake dynamic behavior during ant iskid cycling and y ie ld  the potential f o r  
more accurate mathematical models of the brake pressure-torque response which 
will be useful in the design of fu ture  a i r c r a f t  ant iskid braking systems. 
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Figure 1.- Landing loads track t e s t  carriage. 
Figure 2 . -  DC-9 (Series 10) brake system simulation. 
563 
'drag 
'drag 
'drag 
r DRY 
.5 
0 
TI0 
Figure 4.- Tire f r i c t i o n  v a r i a t i o n s  w i t h  s l ip  r a t i o .  
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Figure 5.- Drag and s i d e  f r i c t i o n  v a r i a t i o n s  
w i t h  s l i p  r a t i o .  
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Figure 6.- Wheel speed response w i t h  and without  
sl i p - r a t i o  con t ro l  . 
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F i g u r e  7. - A n t i s k i d  r e s p o n s e  w i t h  p r e s s u r e  b i a s  m o d u l a t i o n .  
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F i g u r e  8.- A n t i s k i d  r e s p o n s e  w i t h o u t  p r e s s u r e  
b i a s  m o d u l a t i o n .  
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Figure 9.- Methods of estimating antiskid braking efficiency. 
Antiskid with pressure bias modulation on a dry runway. 
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Figure 10.- Methods o f  estimating antiskid braking efficiency. 
Antiskid with pressure bias modulation on a damp runway. 
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Figure 11.- Methods of estimating antiskid braking efficiency. 
A n t i s k i d  without pressure bias nodulation on a damp runway. 
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brake pressure-torque response. 
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